The structure of bacteriophage epsilon15 has recently been determined by 3D reconstruction of single particle cryo-electron microscopy images. Although this study revealed that the viral genome inside the bacteriophage is on average coaxially spooled, individual DNA conformations inside the capsid could not be determined. In the current study, we present the results of 40 independent simulations of DNA packaging into epsilon15 using the previously described low-resolution model for bacteriophages. In addition to coaxially spooled conformations, we also observe a number of foldedtoroidal patterns, but the density averaged over all conformations closely resembles the experimental density. Thermodynamic analysis of the simulations predicts that a force of $125 pN would be required to package DNA into epsilon15. We also show that the origin of this force is predominantly due to electrostatic and entropic contributions. However, the DNA conformation is determined primarily by the need to minimize the DNA bending energy.
INTRODUCTION
Epsilon15 (315) is a bacteriophage that infects Salmonella anatum (McConnell et al., 1979) and belongs to the Podoviridae family, members of which are characterized by short, noncontractile tails. Its genome consists of 39,671 base-pairs of linear double-stranded DNA (dsDNA) and encodes 51 gene products (GenBank number: AY150271). The capsid of 315 has T = 7 symmetry and can be approximated by a regular icosahedron with dimensions 700 3 650 Å . One of its pentameric vertices is unique and contains a packaging protein portal complex. The complex consists of a tail hub of length $170 Å , six tail spikes that take part in the process of bacterial infection, a motor that facilitates packaging of the genome, and a protein core, which is located in the capsid's interior. The core has an irregular cylindrical shape with the length of $200 Å and diameter of $180 Å .
A high-quality structure of 315's capsid and genome has been recently obtained by cryo-electron microscopy (cryo-EM) . The authors of this study performed an asymmetric 3D reconstruction of the bacteriophage from a large number of single images. A unique asymmetric averaging was possible due to the symmetry mismatch between the 5-fold axis of the icosahedral capsid and pseudo-6-fold axis of the tail spikes. Singleparticle cryo-EM reconstruction has also been applied to study bacteriophages T7 (Agirrezabala et al., 2005) and P22 Lander et al., 2006) , which are both isomorphous to 315. These studies provided highresolution (15-20 Å ) structures of the capsids and parts of the portal complexes. They also revealed that the average DNA conformations appeared as concentric shells; the outer shells were found to be more ordered and displayed a set of coaxial rings spooled around the principal axis of the protein portals. Such organization is known as a coaxial-spooling motif (Richards et al., 1973) . Unfortunately, single-particle reconstruction does not allow one to infer information about the individual DNA conformations inside these bacteriophages.
In recent years, packaging of DNA inside bacteriophages has been extensively studied by theoretical and computational methods. Several models to describe the DNA packaging into isometric capsids of spherical or icosahedral shape have been proposed. These studies showed that DNA inside such capsids is organized into sets of concentric (LaMarque et al., 2004) or coaxial (Locker and Harvey, 2006) shells depending on whether the simulations were performed with or without cylindrical cores located at the capsid interior. Simulations also revealed the nonideality of simulated structures and strongly suggest that the stochastic aspects of packaging can lead to internal disorder of the DNA (Forrey and Muthukumar, 2006) . In a recent study (Petrov and Harvey, 2007) , we went beyond these limitations, yielding a quantitative thermodynamic and structural description of DNA packaging into bacteriophage f29, which is characterized by a prolate shape (Tao et al., 1998) . We found that the origin of the large force opposing packaging (Smith et al., 2001) is not only due to the strong DNA-DNA repulsion but also to the large entropic penalty of DNA confinement as previously suggested by Locker (Locker and Harvey, 2006 ). In the current study, we apply our methodology to study the structure and thermodynamics of DNA packaging in bacteriophage 315. We compare the resulting structures with the cryo-EM studies, revealing differences between individual conformations that are hidden by the averaging process in cryo-EM reconstructions.
RESULTS AND DISCUSSION

Description of Individual Conformations
Visual analysis of individual conformations indicates that DNA prefers to wrap around the principal axis of the cylindrical core and forms a set of coaxial helical loops of different diameter organized into several layers. A representative conformation is shown in Figure 1A , which is consistent with the data inferred from 3D reconstructions of cryo-EM images (Figure 2 ) and supports the coaxialspooling motif. As we show below, the bending energy is the largest term of the internal energy (Figure 3 ) at the initial stages of packing, during which the packaging pattern is formed. The coaxial organization is favorable due to the minimization of bending energy because DNA forms loops of the largest possible radii avoiding sharp bends. By monitoring the movies of packaging trajectory (http:// rumour.biology.gatech.edu/Publications/showcase.html), we observed that the packaging occurs in an ''inside-out'' manner, i.e., newly injected segments of DNA tend to wrap around the outside of the previously packaged DNA. This is in contrast to the ''outside-in'' models we have observed for smaller genomes (Arsuaga et al., 2002) and to the model proposed by Jiang et al. . We believe that this is to be expected for DNA packaging inside any capsid whose inner diameter is larger than the DNA persistence length.
We also found several conformations in which DNA is not coaxially spooled. Instead, these conformations resemble a distorted folded-toroidal pattern ( Figure 1B) , which is similar to that seen in f29 (Petrov and Harvey, 2007) . Bacteriophage f29 has a slightly elongated capsid, and the DNA lies predominantly parallel to the long axis in that case. In the case of 315, however, the folding occurs in the direction perpendicular to the principal cylindrical axis. These structures likely appear because of kinetic traps.
Both types of conformations discussed above reveal that DNA segments located at the outer layers of the capsid are more ordered than those at the interior. These strands are often parallel and locally assume a hexagonally close-packed geometry in the outer layers and around protein portal (see Figure S1 in the Supplemental Data available with this article online). This is due to the larger radii of curvature and, therefore, smaller bending stresses on DNA segments farther from the capsid's interior. Figure 1 also shows that DNA at the top region of the capsid (near the core) is more ordered than that at the bottom. This observation highlights the organizational role of the protein core.
Reconstructed Density Maps
The 3D DNA density obtained by the averaging over 40 individual conformations without imposing icosahedral symmetry is shown in Figure 2 , which is in excellent agreement with the experimental density . Figures 2A and 2B reveal a set of distinct rings around the protein portal. These rings appear as a punctate pattern around the portal in the cross-sectional image ( Figure 2C ). Individual structures were found to form two different conformations, as described above, but the average 3D density map supports the coaxial-spooling motif. Figure 2B also reveals that the DNA is organized into concentric shells, and that the three outermost shells are well resolved. This is also consistent with the observations seen from the density maps generated for fully packed 315 at different threshold values ( Figure S2 ), which reveal that the outer boundary layers have higher densities than the inner layers, due to higher statistical occupancy of these regions by DNA strands. Figure S2B also shows that on the average DNA is nearly hexagonally packed at the region around the protein portal, which is in an agreement with the observations made from the individual conformations. The density maps generated from partially packed DNA conformations ( Figures S3-S5 ) reveal that the radial organization of DNA and coaxial spooling appear when about half of genome is packed, whereas early stages of packing (30%) reveal a rather disordered distribution of density inside the capsid. Figure 2C shows a side view of the DNA density inside the fully packed capsid, revealing that the bottom region is more disordered than the region near the protein portal, which agrees with the conclusions drawn from the analysis of the individual conformations. A similar relationship was seen in the high-resolution cryo-EM reconstructions Lander et al., 2006) .
We also observed a well-resolved ring of density located inside the narrow groove at the base of the protein portal ( Figures S2-S5 ). Since this density comprises a closed ring of DNA that wraps around the protein portal (Lander et al., 2006) , one might wonder if this is formed by a single segment. However, examination of the individual conformations reveals that this is not the case: DNA does not necessarily form a complete single turn around the protein portal. Instead, the DNA density in the groove is an average. In some structures, a loop of DNA does encircle the portal almost completely, but in others, the DNA inside the groove consists of two or more independent DNA segments, each of which wraps only part way around the portal (Figure 4) .
The cryo-EM study on P22 (Lander et al., 2006) , which has a structure similar to 315, led to the suggestion that the contraction of this DNA ring induced by high pressure inside the capsid may lead to a conformational change of the portal protein and that this serves as the ''head-full'' signal for termination of packaging. We find that for the fully packaged 315, the groove at the upper part of the portal complex has higher occupancy by DNA than any other part of the bacteriophage ( Figure S2 ). Densities generated for partially packaged structures and the movie reveal that the groove becomes partially occupied at $25%-30% ( Figure S5) ; however, at these low fractions, DNA does not tend to stay all the way inside the groove. As the packaging progresses, the ring of density moves deeper into the groove (Figures S3 and S4 ). Although this does not prove the hypothesis of Lander et al. (2006) , our results certainly lend support to it.
Thermodynamic Analysis
One advantage of the MD method is that it permits not only structural analysis but also thermodynamic analysis of the packaging process. We measured the packaging forces in a set of equilibrium MD trajectories, as described above. The average force versus distance curve is shown in Figure 3A . The force is negligible during the initial stages of packing, increases in the range of 40%-70%, and rapidly grows to a value of 125 pN during the packaging of the final portion of the genome. The standard deviations of the force rise monotonically up to 18% of the corresponding force values at 90% packed and then drop to 12% for the fully packed conformations.
Qualitatively, the behavior of the force curve agrees with the experimentally measured (Smith et al., 2001 ) and theoretically calculated results found for bacteriophage f29 (Petrov and Harvey, 2007; Purohit et al., 2005) . However, we find that the force required to pack the entire 315 genome is almost double that of f29. Recently, a molecular motor (type IV pilus) that produces a force of 110 ± 30 pN has been described (Maier et al., 2002) . A similar estimate of the packaging force ($120 pN) has been reported by Purohit et al. (Purohit et al., 2005) for bacteriophage T7, which has a capsid size, shape, structure, and genome length similar to those of 315 (Agirrezabala et al., 2005; Jiang et al., 2006) . The study of Purohit et al. also revealed a correlation between the packaging force and the DNA density; higher densities correspond to smaller distances between the DNA strands and, therefore, result in stronger interstrand repulsions.
Since the packaging force was obtained at equilibrium conditions, the area under the force curve corresponds to the reversible work, W, done by the motor to pack DNA into the capsid. This work also equals the change in the Helmoltz free energy, DA, which describes the energy difference between the DNA conformation inside the capsid and the free DNA chain. By integrating the force curve numerically, we found that the total free energy cost of packaging is 53,000 ± 3,300 kcal/mol ( Figure 3B ). We also obtained the change in the internal energy of the modeled systems upon packaging, DU, from the molecular mechanics energy. It is comprised of stretching, (C) A cross-sectional view to show the interior and back half of the structure. The DNA density is shown red; capsid and core densities are shown in blue and yellow, respectively. Note that the coaxial organization of the average DNA density inside 315 is strikingly similar to that observed experimentally . bending, soft sphere volume exclusion, and DNA-DNA interaction energy terms. As shown in Figure 3B , the internal energy change is 36,700 ± 600 kcal/mol, which corresponds to 69% of the total Helmholz free energy change. Knowledge of both DA and DU allows us to calculate the entropic penalty of packaging, ÀTDS, which is primarily associated with DNA confinement within the capsid's volume. This quantity, which is also plotted in Figure 3B , reaches 16,300 kcal/mol. The same value calculated in a per-monomer basis corresponds to 2.47 kcal/(mol 3 monomer), which is significantly greater than 1.48 (kcal/ mol 3 monomer) found in our previous study on f29. This indicates that 315 is significantly more ordered than f29. We believe that the additional order in 315 appears not only because of the presence of the large portal inside the capsid, which causes the coaxial organization of the genome, but also due to the higher DNA density inside the capsid, which represents a higher degree of conformational confinement.
The measurement of the packaging force also allowed us to estimate the efficiency of the motor. Consumption of ATP by the motor during packaging is $1.8 bp/ATP in T3 (Morita et al., 1993) . This corresponds to the translocation of DNA by 0.6 nm. The maximum force we measure is 125 pN, which, over a distance of 0.6 nm, does work of 75 pN 3 nm. Since ATP hydrolysis releases an energy of $120 pN 3 nm (Smith et al., 2001) , our results suggest that the efficiency of the 315 motor could be as high as 63%. Molecular motors that work at almost 100% efficiency are known (Kinosita et al., 2000) .
The lower panel of Figure 3 depicts the components of the internal energy as a function of genome packing. Elastic deformations (stretching and bending) dominate the internal energy during the packaging of initial 40% of the genome. DNA-DNA repulsion becomes predominant at the later stages, reaching a final value of 31,200 ± 400 kcal/mol, which accounts for 85% of the total internal energy. This fraction is greater than that obtained for f29 (78%) due to the higher packing density in 315. In the fully packaged state, the stretching and bending terms contribute only 860 ± 100 kcal/mol and 4150 ± 350 kcal/mol, respectively. These elastic components do not play a major role in the determination of the thermodynamic properties, which are dominated by the electrostatic and entropic contributions.
Conclusions
Our simulations show that DNA inside 315 is predominantly coaxially spooled around the protein portal. However, several conformations that resemble a folded toroid have also been observed. Despite this mixture of conformations, the density map obtained by averaging over all individual conformations is very similar to the experimental cryo-EM maps Jiang et al., 2006; Lander et al., 2006) . Analysis of the individual conformations shows that the ring of density around the portal observed in cryo-EM density maps does not necessarily correspond to a single fragment of DNA wrapped around the portal but may be formed by several fragments. A wide (B) The Helmholtz free energy change, DA, obtained by integrating the force versus genome length packed; the internal energy change, DU, calculated as a sum of the force-field terms (packaged DNA À free DNA); and the entropic term calculated as the difference between the Helmholtz free energy and internal energy changes (ÀTDS = DA À DU). (C) Decomposition of the total internal energy change, DU, into its stretching, bending, electrostatic, and ''soft-sphere'' volume exclusion components. Error bars represent standard deviations.
variety of DNA arrangements in the groove would be able to transmit pressure to the portal protein, leading to the conformational change that is believed to be the basis for the head-full sensing mechanism.
We predict that a large force ($125 pN) is required to package the 315 genome inside the capsid. This is higher than that for bacteriophage f29, because the higher packing density of 315 leads to increased DNA-DNA repulsions and an increased entropic penalty. In future work, we will continue the investigation of the effect of capsid size and shape on DNA conformation inside bacteriophages and on the thermodynamics of DNA packaging.
EXPERIMENTAL PROCEDURES
Model for 315
The process of packing DNA inside bacteriophage was simulated by using the framework of the previously described coarse-grained model (Locker and Harvey, 2006; Petrov and Harvey, 2007) . The 315 capsid was modeled as a regular nonexpandable icosahedron with a side of 363 Å , whose faces were filled out with a number of soft spheres with a radius of 8 Å ( Figure S6A ). The packaging portal complex located at one of the icosahedron's vertices was modeled with a high level of detail to mimic the cryo-EM structure. It was constructed by using five adjacent hollow cylindrical segments with the lengths of 80, 40, 80, 90, and 30 Å and outer radii of 90, 65, 90, 80, and 45 Å , respectively (Figure S6B) . The inner radius of all cylinders was 20 Å to permit DNA packaging into the capsid. A low-resolution model of 6,601 beads on a chain was used to represent the genome of 315. Each bead (pseudoatom) represents six base pairs. This model is capable of describing the elastic properties of DNA (stretching and bending), soft DNA-DNA, and DNA-capsid repulsions, as well as the long-range electrostatic interactions between DNA strands. All parameters used in the simulations, except capsid and genome dimensions, were obtained independently of any virus-related data. The detailed description of the potentials and the numerical values of the force constants are given in previous publications (Locker and Harvey, 2006; Petrov and Harvey, 2007) .
Packaging Protocol
Packaging of the DNA beads into the capsid was performed by a molecular-dynamics (MD) protocol implemented in our molecular modeling package YUP, which is used for simulation of biological macromolecules within the framework of coarse-grained low-resolution models (Tan et al., 2006) . DNA packaging was aided by five additional atoms (studs) located inside the protein core and connected to DNA pseudoatoms by springs; the studs were ratcheted into the capsid in a series of 10 Å steps, each followed by extensive MD equilibration of the packaged fraction of the genome. The detailed description of the packaging protocol is given elsewhere (Locker and Harvey, 2006) . All simulations began with an equilibration time of 6 ns per step; this was linearly increased by 4 ps per step as packaging progressed to achieve equilibrium at each step. This resulted in a total duration of the trajectories of $230 ms.
To more fully characterize DNA packaging, we performed 40 independent MD runs that resulted in a thermodynamic ensemble of DNA conformations inside the capsid. Each MD trajectory was generated by the same protocol but with a randomly selected seed for drawing initial pseudoatomic velocities from the Maxwell-Boltzmann distribution.
Force Calculations
To determine the packaging forces, equilibrated intermediate conformations obtained at every 10% along the packing trajectories were taken as starting points for a series of new MD runs in which DNA atoms at the entrance point were held fixed. As the DNA tried to push its way out of the capsid due to the pressure within the capsid, the springs connecting DNA beads with the stud atoms were displaced from their equilibrium positions. To collect statistically uncorrelated data, 1,000 of these displacements were collected at 500 ps intervals along the MD trajectories. The forces were calculated by multiplying the displacements by the force constants. Since the force measurements were performed at zero packaging rate, and all systems were held at equilibrium under constant volume and temperature during these MD trajectories (Figure S7 ), the obtained values correspond to the equilibrium forces, and, therefore, the integration of the force with respect to the length of the genome results in the change in the Helmholtz free energy of the DNA upon packaging (Petrov and Harvey, 2007) .
Electron Density Maps
The density maps were reconstructed by averaging 40 individual trajectories. Since there was no rotational averaging, our procedure is similar to the asymmetric reconstruction of experimental cryo-EM images. Each cylindrical DNA segment with a radius of 10 Å between two adjacent pseudoatoms extracted from the individual conformations was uniformly filled with 2,000 points (''atoms''). The sets of such atoms were converted to corresponding values of single particle density maps with a voxel size of 3 Å by using Spider (Frank, 2002) . The individual densities were superimposed, and the average density map was visualized using Chimera (Pettersen et al., 2004) .
Supplemental Data
Supplemental Data include longitudinal cross-sections of a single conformation of DNA as well as the averaged DNA densities shown at different stages of packaging and at different threshold values, low resolution representation of the bacteriophage 315, and the potential energies of the equilibrated system during force measurements and are available at http://www.structure.org/cgi/content/full/15/7/ 807/DC1/.
